Introduction
============

Mitochondrial dysfunction may be a principal underlying event in aging, including age-associated brain degeneration \[[@b1]\]. Mitochondria provide energy for basic metabolic processes and their decay with age impairs cellular metabolism and leads to a decline of cellular function. Mitochondrial membrane potential, respiratory control ratios and cellular oxygen consumption decline with age and correlate with increased oxidant production \[[@b1]\]. Mutations in genes that encode mitochondrial proteins could compromise mitochondria by altering components of the electron transport chain \[[@b4]\], resulting in inefficient electron transport and increased superoxide production \[[@b4]\]. The resultant oxidative damage to mitochondria may compromise their ability to meet the steady energy demands of the brain. Oxidized proteins accumulate with age \[[@b7]\] and these may also cause mitochondrial inefficiencies, leading to unwanted oxidant formation. Mitochondrial complexes III and IV significantly increase their Km and decrease Vmax with age \[[@b9]\]. Chronic, accumulated oxidants most likely also cause increased damage and consume critical metabolites such as ubiquinone or small molecular weight antioxidants. The significant loss of cardiolipin in aging may be in part because of greater oxidative damage and/or reduced biosynthesis. Loss of cardiolipin, coupled with oxidation of critical thiol groups in key proteins, may adversely affect transport of substrates and cytochrome c oxidase activity \[[@b10]\] that are necessary for normal mitochondrial function. These changes more than likely hinder the ability of mitochondria to maintain their membrane potential. Mitochondrial dysfunction, which may be due to the accumulated damage that accompanies normal aging but is amplified by disease-specific factors, is probably a key step in the development, maturation and progression of neurodegenerative disease including Alzheimer\'s disease (AD) \[[@b11]\]. Damaged mitochondria are associated with decreased ATP production and increased reactive oxygen species production, both of which characterize AD \[[@b12]\]. Indeed, alterations of biochemical components and structural degradation of mitochondria are extensively reported in AD \[[@b14]\] and animal models that mimic human AD \[[@b13]\].

Multiple cellular and systemic changes occur with age. Mitochondrial membrane potential, cardiolipin level, respiratory control ratio and cellular O~2~ uptake are lower, and levels of oxidants/O~2~, neuronal RNA oxidation and mutagenic aldehydes from lipid peroxidation are higher in old rats (compared with young rats) \[[@b2]\]. Ambulatory activity and cognition decline with age \[[@b20]\]. We previously reported that feeding acetyl-L-carnitine (ALCAR) with R-a-lipoic acid (LA) to old rats for a few weeks restores mitochondrial function, lowers oxidant production, neuronal RNA oxidation and mutagenic aldehydes, and increases rat ambulatory activity and cognition \[[@b20]\].

Accumulating evidence strongly suggests age-associated mitochondrial decline is present not only in neurons but also in all other brain cells *(i.e.* glia, endothelial cells and pericytes) in human AD \[[@b25]\] and in animal models that mimic AD pathology \[[@b13]\]. For the present study, we employed qualitative and quantitative electron microscopic techniques to examine the age-associated effects on mitochondrial morphology in hippocampal neurons and the effect of long-term (3 months) feeding of ALCAR + LA to young and old rats \[[@b15]\].

Materials and methods
=====================

Animals and experimental procedure
----------------------------------

Male Fisher 344 rats were obtained from the NIH and reared in the Shock Center at the University of Texas Health Science Center at San Antonio on a 12-hr light/dark cycle. Upon arrival, the animals were transferred immediately into a barrier facility where they were individually housed in plastic cages with wire mesh floors in the Hazleton-Enviro Rack System (Hazleton System, Inc., Aberdeen, MD, USA) to maintain the specific pathogen-free conditions. All protocols utilized were reviewed and approved by the Institutional Animal Care and Use committee at the University of Texas Health Science Center at San Antonio. The animals were fed an AIN93M diet (Diets, Bethlehem, PA~:~ USA) and acidified drinking water, pH 2.5. The following groups were used: *(n =* 10/group): 4-month-old young males and 21-month-old aging males~:~ both fed either a normal diet or a normal diet with dietary supplementation \[0.2% (wt/vol) ALCAR + 0.1% (wt/wt) LA\]. The LA was fortified in AIN93M diet containing 0.15% dexlipotam (R-lipoic acid tris salt from Viatris, Germany); the ALCAR was given in drinking water containing 0.2% ALCAR hydrochloride salt (pH was adjusted to 2.5 as the control water). All groups were fed *ad libitum* for a period of 3 months. The food intake of each rat was measured every 3 days; body weight and food consumption were monitored and measured at 2-week intervals.

Perfusion fixation and tissue collection
----------------------------------------

After 3 months of feeding, the animals were perfused transcardially with 4% paraformaldehyde for at least 30--40 min to enable effective *in situ* hybridization as previously described \[[@b17]\]. The brains were harvested into a fresh portion of the same fixative for another 24 hrs for further processing of the tissue for electron microscopy. The perfusion procedure was performed as previously described \[[@b17]\].

Electron microscopy
-------------------

After several subsequent washes with 0.1 M PBS, the left halves of the brains were trimmed by the Vibratome to produce coronal sections. They were post-fixed with 2.5% glutaraldehyde in 0.1 M PBS for 1 hr washed again with 0.1 M PBS, and then exposed to 1% osmium tetraoxide in cacodylate buffer, pH 7.3, for 1 hr and then processed for standard transmission electron microscopy as described earlier \[[@b13]\]. Finally the tissues were dehydrated and embedded in Spurr\'s embedding media. Randomly selected ultrathin sections of the CA1 and CA3 areas were stained with uranyl acetate and lead citrate and examined using a transmission electron microscope (Jeol 100CX or Jeol 1200CX).

Classification of mitochondrial damage and mitochondrial quantification
-----------------------------------------------------------------------

For the double-blind analysis, all specimens were randomized and micrographs were taken of at least 50 neurons of each group in the rat hip-pocampal tissue on a plane containing the nucleolus at a magnification of 5000x and additionally at 20,000x so that a montage, including the entire cytoplasm, could be made. Randomized photomicrographs were examined with a stereomicroscope at 10--20x. Two independent morphologists~:~ blinded to sample identity, classified and counted mitochondria and the counts were averaged. Quantitative analysis was performed using 5 rats from the YC, YT, OC and OT groups.

We have used two of our previously described criteria to classify mitochondrial damage \[[@b17]\]. The first, a 5-category classification system used to determine structural features of mitochondrial damage, has been applied previously by our groups \[[@b29]\] and includes intact ('normal') mitochondria, electron-dense mitochondria, hypertrophic ('giant') mitochondria, partially damaged mitochondria and completely damaged mitochondria or mitochondria-derived lysosomal structures (approximately 0, 25, 50, 75 and 100%, respectively, loss of identifiable cristae). The second, a 4-category system is consistent with our analysis of human AD biopsy samples and includes intact, broken cristae, vacuoles associated with lipofuscin and lipofuscin near vacuolar remnants \[[@b15]\]. The total was the sum of intact mitochondria and mitochondria with broken cristae. Each structure was outlined and the area was determined (NIH Image J program) and compared to the total cytoplasmic area excluding the nucleus \[[@b15]\].

Statistical analysis
--------------------

The statistical analysis for the 5-category data was performed using oneway [anova]{.smallcaps} with Newman-Keuls'*post hoc* tests and the 4-category data were analysed using Student\'s t-test as well as two-way [anova]{.smallcaps} (*Ftest*). SPSS for Windows was used for the analyses.

Results
=======

Our previous investigations demonstrated that profound structural changes in neurons affected by age and/or disease occurred in the cell body \[[@b13]\]. Therefore, in this study, we focused on mitochondria in neuronal cell bodies in the hippocampal region of the test rats. Neurons from young rats treated with ALCAR + LA dietary supplementation (YT) showed slight but significant *(P =* 0.02) improvement of mitochondrial integrity ([Fig. 1](#fig01){ref-type="fig"}) in comparison to young untreated rats (YC). In contrast, neurons from old control (OC) animals showed a range of mitochondrial abnormalities: the presence of giant mitochondria, clusters of mitochondria with electron-dense matrices, mitochondria with partially and/or completely damaged cristae, and the presence of membrane disruptions (see [Figs 1B](#fig01){ref-type="fig"}, [2A-D](#fig02){ref-type="fig"}). Electron-dense mitochondria were characterized by decreased size and were usually seen close to the perinuclear region of the cell body. Single myelin-like structures with osmiphilic granules in the mitochondrial matrix were occasionally present. A double membrane surrounding lysosome-like structures indicates that they derive from damaged mitochondria ([Figs 2--4](#fig02){ref-type="fig"}) \[[@b15]\].

![Ultrastructural characteristics of hippocampal neurons in young and old rats with and without 0.2% ALCAR and 0.1% LA diet supplementation. (A) The cell body from a young control rat hippocampus shows the presence of a large number of normal mitochondria. Some of the mitochondria however show minimal changes in their matrix (single arrows indicate the presence of intramitochondrial oedema; double arrows indicate electron dense mitochondria). (B) Mitochondria from the neu-ronal cell body of YT rat show completely intact morphology (arrow indicates normal healthy mitochondrion) (×15,000). (C) The main features of neuronal abnormality in aged control rats appear to be the presence of a range of mitochondria lesions. Some mitochondria however still show intact morphology (single arrows). A giant lipofuscin deposit was close to this neuronal cell body (×15,000). (D) Hippocampal neurons from the OT group are characterized by the absence of mitochondria degeneration. Single arrows indicate normal mitochondria. Lipofuscin was also absent in the neuronal cell body as well as in other cellular compartments in this group of experiments (×15.000). N, nucleus.](jcmm0013-0320-f1){#fig01}

![Features of hippocampal neurons from old control rats. (A) A neuron under lower magnification. The neuronal cell body shows different degrees of mitochondrial abnormality (×5000). (B) A giant mitochondrion (arrow) is present in the bottom central portion of this neuron seen under high magnification. Many mitochondria are at the stage of transforming to mitochondrial-derived lysosomal structures (×15,000). (C) Another neuron under the lower magnification. A large lipofuscin deposit characterizes the cell body (X5000). (D) Neuronal cell body under high magnification. Giant mitochondria (arrows) and mitochondria transforming to mitochondrial-derived lysosomes (that appear to be part of lipofuscin formation) are consistent features in this neuron (x15,000). N, nucleus.](jcmm0013-0320-f2){#fig02}

![Features of mitochondrial abnormalities in aged OC rat hippocampi. (A) Normal mitochondria (arrows) in neuron under low magnification (×6000). (B) The cell body of this neuron under higher magnification. The cell body contains different populations of mitochondria including normal mitochondria (arrows). Microtubules coexist with normal but not damaged mitochondria (×15,000). (C) Another neuron from the hippocampal area under the low power. Double arrows indicate giant mitochondria (×5000). (D) Cell body of this neuron under higher magnification. Double asterisks indicate giant mitochondria (×15,000). N, nucleus.](jcmm0013-0320-f3){#fig03}

![The features of aged rat hippocampal astrocytes and neurons. (A) Astrocytes under low magnification (×6000). (**B**) High magnification image of the cell bodies of this astrocytes reveals mitochondria with electron-dense matrices (indicated by single arrow) (×10,000). (**C**) A neuron under low magnification. The single and double arrows indicate different sized giant mitochondria (X5000). (**D**) The cell body of this neuron shows the presence of oedema in the mitochondrial matrix (single arrows) (×15,000). N, nucleus.](jcmm0013-0320-f4){#fig04}

Hippocampal neuronal cell bodies of YC animals occasionally had mitochondria characterized by transitional, minimal changes in their ultrastructure *(i.e.* intra-mitochondrial oedema or an electron-dense matrix) ([Fig. 1](#fig01){ref-type="fig"}), indicating a spectrum of degeneration from normal to vacuolar lipofuscin. However, a majority of neurons showed mitochondria with intact morphology without any visible alterations. Hippocampal neurons of old rats are always characterized by a range of mitochondrial alterations, though some mitochondria still show intact morphology. The presence of mitochondria with varying degrees of ultrastructural damage appeared to be a permanent feature of the neurons of older animals. The formation of lipofuscin and/or lysosomal structures, characterized by the presence of an osmiphilic electron-dense matrix, often occupied much of the cytoplasmic matrix of OC hippocampi.

One key observation in our study is that the ALCAR + LA supplementation diet greatly reduced the mitochondrial damage, but also reduced formation of lipofuscin and/or myelin-like structures in neurons ([Fig. 2C and D](#fig02){ref-type="fig"}). In OT groups, lipofuscin granules were seen only occasionally in the neuronal cell bodies in any of the animals included in our present study ([Fig. 6](#fig06){ref-type="fig"}).

![The characteristics of hippocampal neurons from aged rats treated with 0.2% ALCAR and 0.1% LA for 3 months. (A) A neuron under low magnification (×6000). (B) The cell body of this neuron under higher magnification. Only some mitochondria show partial damage to their cristae (×15,000). (**C**) Other neurons from this rat. The main feature of this neuron is the absence of lipofuscin in the neuronal cell body (×5000). (**D**) Top portion of this neuronal cell body under higher magnification. The single asterisk indicates the Golgi apparatus. No abnormalities were seen in the Golgi structure. Additional features of this neuron appear to be well developed granular and agranular endoplasmic reticu-lum and the presence of free ribosomes in the matrix of the cell body (×10,000).N, nucleus.](jcmm0013-0320-f6){#fig06}

An age-associated characteristic of the mitochondrial abnormality seen in old rat brain was the presence of enlarged (giant) mitochondria ([Fig. 3C and D](#fig03){ref-type="fig"}). Neuronal cell bodies from OT rats showed fewer giant mitochondria than age-matched controls. Another abnormality seen in OC rat hippocampal neurons was the presence of a large number of mitochondria with a highly electron-dense matrix ([Figs 4](#fig04){ref-type="fig"} and [5](#fig05){ref-type="fig"}). However, OT rat hippocampal neurons lacked mitochondrial ultrastructural abnormalities, and most of the mitochondria appeared to be intact or with minimal damage. The ultrastructural pattern of the mitochondrial morphology was similar to that of the young control and ALCAR + LA dietary supplementation groups ([Fig. 6](#fig06){ref-type="fig"}).

![The heterogeneous morphology of mitochondria in aged OC rat hippocampal neurons. (**A**) The presence of vacuolar structures in the matrix of nuclei appears to be a feature of non-reversibly damaged neurons. The density of the cell body is notably less than that of non-damaged neurons (×5000). (**B**) Neurons under low magnification. Mitochondrial damage was found adjacent to areas of lipofuscin formation (right bottom portion of this neuron) (×5000). (C and D) Cell body under the higher magnification. Aged, neuronal mitochondria are characterized by increased electron density of their matrices. Oedema appeared to be a consistent feature of these neurons (Fig. C). The cell body contains a range of mitochondrial abnormalities. Hippocampal neurons display mitochondrial density transformations (single and double arrows indicate electron dense and giant mitochondria respectively) (×15,000, C and D).](jcmm0013-0320-f5){#fig05}

The presence of vacuolar structures in the matrix of nuclei appears to be afeature of non-reversibly damaged neurons ([Fig. 5A](#fig05){ref-type="fig"}). Very often the mitochondrial damage colocalized with areas of lipofuscin formation ([Fig. 5B](#fig05){ref-type="fig"}). Aged neuronal mitochondria were characterized by increased electron density of their matrices. Oedema appeared to be a consistent feature of these neurons ([Fig. 5C](#fig05){ref-type="fig"}). The cell body contains a range of mitochondrial abnormalities ([Fig. 5C and D](#fig05){ref-type="fig"}).

The characteristics of hippocampal neurons from aged rats treated with 0.2% ALCAR and 0.1% LA treatment indicate that only some mitochondria show partial damage to their cristae ([Fig. 6A and B](#fig06){ref-type="fig"}). A feature of these neurons is the absence of lipofuscin in the neuronal cell bodies ([Fig. 6C](#fig06){ref-type="fig"}). No abnormalities were seen in the Golgi structure. Additional features of this neuron appear to be well developed granular and agranular endoplasmic reticulum and the presence of free ribosomes in the matrix of the cell body ([Fig. 6D](#fig06){ref-type="fig"}).

Mitochondrial damage was not limited to hippocampal neurons. Mitochondrial alterations were seen in other brain tissue cells. The aged rat hippocampal astrocytes also reveal mitochondria with electron-dense matrices (see [Fig. 4A and B](#fig04){ref-type="fig"}). Capillary vessels from YC rat hippocampi exhibited little ultrastructural damage ([Fig. 7](#fig07){ref-type="fig"}) in comparison to those of OC rats. OC animals displayed a range of ultrastructural lesions including the presence of giant lipofuscin granules and/or mitochondria-derived autophagic structures in the cytoplasmic matrix of perivascular and vascular endothelial cells. Contrary to this observation, vascular endothelial cells in OT rat hippocampus showed few changes in their ultrastructure. Perivascular cells occasionally displayed lipofuscin granules in the cytoplasmic matrix, but the number *(P =* 0.02) and density *(P =* 0.008) of lipofuscin granules were significantly less than those of OC animals (see below).

![Ultrastructural characteristics of microvessels in rat hippocampus with and without ALCAR + LA dietary supplementation. (A) Capillary vessels from young control non-treated hippocampal tissues had an absence of abnormalities in their ultrastructure. Mitochondria were intact and showed no abnormalities in the vascular endothelium or perivascular cellular compartments (×8000). (B) Young treated rat hippocampal microvessels were similar to young control non-treated animals, characterized by intact morphology (×6000). (C) Old non-treated rat hippocampal capillary vessel endothelium showed degenerative changes in their ultrastructure, which appeared to be membrane disruption and nuclear contraction. A giant lipofuscin formation derived from a completely damaged mitochondrion in the matrix of a perivascular cell was also seen (double arrow) (×6000). (D) A hippocampal capillary from old ALCAR + LA treated rat. Vascular endothelial and perivascular cells showed no damage in their ultrastructure. Occasionally, a single small lipofuscin formation was present in the matrix of perivascular cells (×6000). EC, endothelial cell; N, nucleus; VL, vessel lumen.](jcmm0013-0320-f7){#fig07}

Quantification of the percentage of the different types of mitochondria is summarized in [Figure 8](#fig08){ref-type="fig"}. In general, mitochondrial morphology within each neuron was heterogeneous in all tested groups. ALCAR + LA treatment significantly ameliorated the age-associated decrease in the percentage of intact mitochondria in old rat brains *(P =* 0.009). Increased age-associated abnormal mitochondria were present in aged non-treated experimental animals ([Fig. 8](#fig08){ref-type="fig"}). The preventive improvement by the ALCAR + LA supplementation was seen in aged animals in stark contrast to OC groups ([Fig. 8](#fig08){ref-type="fig"}). Neurons of old rats treated with ALCAR + LA (OT), compared to OC animals, showed a significant decrease in the prevalence of damaged mitochondria (P \< 0.001) and increased normal (intact) mitochondria *(P =* 0.02). The proportion of severely damaged mitochondria in old non-treated rats is significantly higher than that in young rats *(P =* 0.001); a significant improvement followed ALCAR + LA supplementation *(P =* 0.012).

![(A) The percentage of intact mitochondria in hippocampal neurons. Abbreviations: YC, young control non-treated rats; YT, young rats treated with ALCAR + LA dietary supplementation; OC, old control rats non-treated; OT, old rats treated with ALCAR + LA. (B) The effect of ALCAR + LA dietary supplementation on the distribution of the different types of mitochondria. Significance differences are indicated: *\*P* \< 0.05, treated groups compared to respective control; \#*P*\< 0.05, significant decrease compared to young control; \#\#*P* \< 0.01, increase compared to young control.](jcmm0013-0320-f8){#fig08}

We also quantitatively examined mitochondria and vacuolar lipofuscin from specimens obtained from YC, YT, OC and OT animals ([Fig. 9](#fig09){ref-type="fig"}). Morphometric analysis showed that the number of intact mitochondria is significantly decreased in old non-treated groups *(P \<* 0.001). Significantly larger mitochondria with broken cristae were present in old control animals compared to old treated animals *(P =* 0.003) but no significant difference was determined in the size of mitochondria associated with vacuolar lipofuscin. Treatment significantly reduced the number of vacuole and lipofuscin formations in old rat hippocampal neurons *(P =* 0.015 and 0.02, respectively). Quantification of the area associated with different types of mitochondria revealed that ALCAR + LA treatment improved the percentage of area occupied by intact mitochondria in old *(P =* 0.028) as well as young treated groups *(P =* 0.009) compared to OC and YC, respectively. The percentage of area occupied by vacuoles was not significantly different in the experimental groups but the lipofuscin area was significantly lower in OT compared to OC *(P =* 0.008) ([Fig. 9C](#fig09){ref-type="fig"}).

![Morphometric quantification of (A) number, (B) size and (C) percentage coverage of cytoplasmic area by intact mitochondria, mitochondria with broken cristae, total mitochondria (intact plus mitochondria with broken cristae), vacuole associated lipofuscin, and lipofuscin alone in cases of young control (YC), young treated (YT), old control (OC) and old treated (OT). (A) Number of intact mitochondria is significantly lower in OC *(P =* 0.001). No significant change was seen in the number of mitochondria with broken cristae; however, the number of vacuoles associated with lipofuscin and lipofuscin alone were significantly higher in OC, which was significantly decreased with dietary supplementation. (B) A significant decrease in the average size of mitochondria with broken cristae was seen in old non-treated groups compared to treated animals. No significant difference was seen in the average size of intact mitochondria, lipofuscin-associated vacuoles or lipofuscin. (C) Treatment with ALCAR + LA supplementation significantly increased the percentage of area of intact mitochondria in old and young animals. However, a significant difference was seen in the percentage of area covered by mitochondria with broken cristae and lipofuscin only in OC compared to OT groups.](jcmm0013-0320-f9){#fig09}

Discussion
==========

This study examines for the first time the qualitative and quantitative pattern of mitochondria in hippocampal neurons affected by age and demonstrates the restoration of mitochondrial ultrastructure by the dietary supplementation of ALCAR + LA. Perhaps even more important is the observation that dietary supplementation stimulated mitochondrial proliferation in young animals, suggesting early interventions are important in fighting age-related decline.

An accumulating body of evidence strongly suggests that mitochondrial decay plays a key role in aging and age-associated neurodegenerative disease, such as AD \[[@b14]\]. Mutant mitochondrial DNA is implicated in impairing cognitive functioning \[[@b32]\] and cellular energy production, disrupting the normal connections between brain cells and increasing the generation of oxidants \[[@b33]\]. Further, beta-amyloid-binding alcohol dehydrogenase is a direct molecular link from amyloid p to mitochondrial toxicity \[[@b34]\]. A recent study of extending mouse lifespan with overexpression of catalase in mitochondria provides strong support to the oxidative mitochondrial decay theory of aging \[[@b35]\] and age-associated diseases, including mice that mimic human AD \[[@b17]\]. However, no detailed quantitative electron microscopic study examines rat brain mitochondrial changes with age.

In the present study, the data indicate a significant decrease in the number and percentage of intact mitochondria and a significant increase in the number and percentage of damaged mitochondria (mitochondria with broken cristae, vacuoles and vacuolar lipofuscin) in aged hippocampal neurons. Neuronal damage is characterized by an increase in the number of vacuolar lipofuscin structures as well as the number of electron-dense and giant mitochondria, lysosomes, lipofuscin deposits, mitochondrial matrix oedema, internal and external membrane breaks and a decrease in the density of microtubules per neurons \[[@b36]\].

It is important to note that the tissues in our present study were fixed with paraformaldehyde. Moreover, previous studies also demonstrate the consistency of optimal tissue preservation by this technique and the consequent EM images \[[@b17]\]. In addition, our unpublished data from these experiments show that mitochondrial DNA overproliferation and/or deletion were dependent on mitochondrial structural damage seen in hippocampal neurons. Vibratome sections from each brain were used for the *in situ* hybridization study to compare the spectrum of mitochondrial structural and DNA damage and/or prevention by using selective mitochondrial antioxidants, consequently greatly reducing the risk of potential artifacts.

Feeding ALCAR + LA ameliorated the age-associated neuronal damage evident by marked decreases of vacuoles and lipofuscin as well as decreases in partially and completely damaged mitochondria. In our preliminary study using *in situ* hybridization of mitochondrial DNA, we have found that the main source (almost 100%) of lipofuscin formation appeared to be mitochondria because 'young' lipofuscin contains mtDNA positive signals. Well-developed granular and agranular endoplasmic reticulum and free ribosomes (or polysomes) are present in the matrix of cell bodies, which were often comparable to the ultrastructure of hippocampal neurons in young rat brains. In addition, ALCAR + LA dietary supplementation also increased the percentage of area covered by intact mitochondria not only in old groups but also in young treated animals, suggesting a much more significant effect of the ALCAR + LA dietary supplementation can be achieved if treatment is started at an early age.

Our observations support recent meta-analysis of 21 double blind clinical trials of ALCAR in the treatment of mild cognitive impairment and mild AD that showed modest but significant efficacy of ALCAR \[[@b37]\]. A meta-analysis of four clinical trials of LA for treatment of neuropathic deficits in diabetes showed modest efficacy \[[@b37]\]. In addition, immune function decline with age has been extensively documented in human beings \[[@b38]\] and in rodents \[[@b40]\]. The deleterious effects of oxidants on immune cells such as T and B lymphocytes were ameliorated by ALCAR treatment in aged animals \[[@b42]\]. Moreover, Franceschi and colleagues demonstrated that ALCAR treatment increased phyto-haemagglutinin-induced peripheral blood lymphocyte proliferation in young and old subjects \[[@b44]\] and LA, as an antioxidant, may have protective effects on immune cells leading to improved immune system functioning in general.

A recent study by McMackin and coworkers in a double-blind crossover study showed the effect of combined ALCAR + LA on vasodilator function and blood pressure in patients with coronary artery disease \[[@b45]\]. Active treatment increased brachial artery diameter and had a significant effect on individuals with either elevated blood pressure or metabolic syndrome \[[@b45]\]. Recent studies report protective effects of LA on endothelial function and the reduction of markers of inflammation in metabolic syndrome and in patients with diabetic syndrome, albuminuria, and symptomatic diabetic polyneuropathy as well as in aging rats. \[[@b27]\]. Metabolic function as a possible key factor in the mitochondrial decay seen in aging and micronutrient deficiency has been discussed \[[@b49]\]. Future studies are needed to determine in more detail the potential protective effect of ALCAR + LA treatment in different experimental models such as stroke and cere-brovascular disease.

We previously reported preliminary qualitative electron microscopic observations of age-associated mitochondrial morphological decay and the positive effects of ALCAR and/or LA in old rat brain \[[@b22]\]. Compared with young rats, old rats showed some disruption and loss of cristae in about half of the mitochondria in the dentate gyms area, indicating structural decay. Animals treated with 0.5% ALCAR and/or 0.2% LA showed preservation of cristae and less structural disruption compared to controls. Formation or accumulation of lipofuscin granules in the cytoplasmic matrix of hippocampal neurons and other AD brain cell types \[[@b15]\] and rodent brain samples demonstrating AD-like pathology \[[@b13]\] appears to be a feature of mitochondrial damage associated with age and especially disease. As a major source of reactive oxygen species, mitochondria are particularly vulnerable to oxidative stress \[[@b15]\]. A recent morphometric study found a significant reduction in intact mitochondria in different cellular compartments of AD and AD-like rodent brain \[[@b13]\] and other cells *(e.g.* fibroblasts) obtained from patients with AD \[[@b53]\]. In addition, old rats had more lipofuscin in the cytoplasm of granular cells of the dentate gyrus, and the combined-treatment rats appeared to have less lipofuscin accumulation.

In the present study, we replicated our previous experiment with more animals for quantitative analysis of mitochondria in the hippocampus. The morphological observations clearly show that old rat brain is characterized by age-associated increases in the number of electron-dense and giant mitochondria, mitochondrial oedema, external membrane breaks, lysosomes, lipofuscin formation and decreases in the density of microtubules. Golgi, granular and agranular endoplasmic reticulum and microvessels structures display abnormalities. Treatment with ALCAR + LA for 3 months ameliorated the age-associated neuronal damage and increased proliferation of intact mitochondria in hippocampal neurons in the young animals.

Mitochondria are essential to the functions of neurons because their limited glycolytic capacity makes them highly dependent on aerobic oxidative phosphorylation. We and others demonstrated that oxidative stress is one of the earliest events in susceptible neurons and vascular endothelium in AD \[[@b13]\] and mitochondrial dysfunction is implicated in the associated increased oxidative stress. Among other mitochondrial abnormalities, we found that the levels of mitochondrial DNA and cytochrome oxidase-1 in susceptible neurons and vascular endothelial cells are significantly increased compared with those of age-matched controls, even though the number of mitochondria per neuron is significantly decreased \[[@b15]\]. The present results confirm our previous qualitative observation in aged rats and provide not only quantitative morphological confirmation of mitochondrial decay, but also suggest that the ameliorating effect of ALCAR + LA on age-associated activity and memory decline \[[@b20]\] is a result of repairing mitochondrial structure, thereby restoring mitochondrial function in aged animal brain. A preventive effect of ALCAR + LA supplementation was seen in all brain cellular compartments including microvascular systems, indicating a systemic effect of the treatment.

Our results demonstrate for the first time that ultrastructural morphometric analysis provides criteria for documenting mitochondrial damage that increases with aging. Treatment with ALCAR + LA restores intact mitochondrial morphology normally degraded with age. Moreover, quantitative electron microscopic observation for the first time demonstrated that with ALCAR + LA supplementation neuronal mitochondria from young treated animals show better intact morphology compared to young non-treated controls. Further investigation on the effect of ALCAR + LA supplementation by using electron microscopic quantitative/qualitative study will provide new information for the current model of aging as well as neurodegenerative diseases such as AD where mitochondrial damage and energy failure appear to be a primary step in the development of cognitive impairment or brain pathology such as amyloid beta deposition, a hallmark for AD. In conclusion, old rats showed morphological mitochondrial decay and dietary supplementation with ALCAR + LA restored mitochondrial morphology and prevented decay. Further, a key observation of this study is the proliferation of intact mitochondria in young treated rat brain neurons. These results support the role of mitochondrial decay as an important factor in aging. Further, dietary supplementation with selective mitochondrial antioxidants and metabolites such as ALCAR and LA may be an effective strategy for delaying aging, as well as neurodegeneration such as AD, where mitochondrial damage appears to be a primary target before the development of any amyloid deposition or cognitive impairment.
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